, Biasdependent scanning tunneling microscopy study of the oxygen-adsorbed Si (111) We have observed the initial stage of oxygen adsorption on a Si(111)-(7ϫ7) surface using scanning tunneling microscopy. Among the bright sites observed after exposing the surface to oxygen in occupied state images, there are differences in the bias dependence of the brightness. Taking into account the local density of states of the oxygen-adsorbed Si(111)-(7ϫ7) surface, we conclude that the sites appearing brightly only with a tip bias of уϩ2.1 V are the molecular oxygen. The preferred adsorption site of this molecular species is a corner adatom, which has an oxygen atom adsorbed into its backbond, of the faulted half of the (7ϫ7) unit cell.
I. INTRODUCTION
As motivated by the technological importance of thin silicon oxide films in semiconductor devices, the initial stage of oxygen adsorption on silicon surfaces has been a topic of experimental and theoretical investigations. One of the most important issues of the initial chemisorption stage is the presence of metastable oxygen adsorbed on the Si(111)-(7ϫ7) surface, whose lifetime is reported to be from approximately 10 min [1] [2] [3] [4] to several hours. [5] [6] [7] [8] [9] [10] This metastable species was observed using various spectroscopic experiments, e.g., near-edge x-ray absorption fine structure ͑NEXAFS͒, 2, 3 ultraviolet photoelectron spectroscopy ͑UPS͒, [3] [4] [5] [6] [7] 12, 13 x-ray photoelectron spectroscopy, 3, 9 and high-resolution electron-energy-lossspectroscopy ͑HREELS͒. 10, 11 In the early studies, the metastable species is reported to be a molecular species, the socalled ''molecular precursor,'' which is adsorbed on top of an atom of a clean Si(111)-(7ϫ7) surface. However, the quite recent NEXAFS ͑Ref. 2͒ and UPS ͑Ref. 12͒ studies state that the metastable species is adsorbed on top of an adatom stabilized by an oxygen atom coadsorbed into the backbond. That is, the metastable oxygen is not a precursor and interacts only with the dangling bonds modified by the adsorption of an oxygen atom into the backbond.
Compared to the spectroscopic experiments, scanning tunneling microscopy ͑STM͒ studies have been mainly focused on the surface modified by atomic oxygen. [13] [14] [15] [16] [17] [18] Until now, three STM studies have reported the observation of the molecular oxygen. [19] [20] [21] In one study, 19 Dujardin et al. assigned the bright sites observed in the unoccupied state image with a sample biased at ϩ2 V to the molecular species. However, this assignment does not agree with the scanning tunneling spectroscopy ͑STS͒ study, 13 in which the bright sites observed using the same sample bias voltage are stated to be the adatom with an oxygen atom adsorbed into a backbond. The second STM study reports the observation of the molecular oxygen at a temperature of 620 K, 20 though the metastable states originating from the molecular species were reported to disappear at a temperature lower than 600 K using NEXAFS, 2 XPS, 3 HREELS, 11 and UPS. 12 Further, in the second study, the bright sites observed in the occupied state images at a sample bias of Ϫ1 V are assigned to the molecular species, though the molecular oxygen has no density of states at the corresponding binding energy. 12 In the third study, 21 Martel et al. reported the presence of two adsorption sites for the molecular species, i.e., the on top site of an adatom that has an oxygen atom adsorbed into its backbond and the on top site of a rest atom. However, only one adsorption site, the on top site of an adatom that has an oxygen atom adsorbed into its backbond, is reported in the recent spectroscopic studies. 2, 12 Thus, despite the large number of STM studies, there is no observation of the metastable molecular species, which is consistent with spectroscopic studies.
One method to observe the molecular oxygen with certainty is to compare the electronic structures of the oxygen induced bright and/or dark sites with the spectroscopic results. In this paper, we present a bias-dependent STM study of the oxygen-adsorbed Si(111)-(7ϫ7) surface. Among the bright sites observed in the occupied state image after exposing the clean Si(111)-(7ϫ7) surface to oxygen, there are differences in the bias dependence of the brightness that indicate different local densities of states at these sites. Taking the previous UPS results into account, 3, 12 we conclude that the bright sites observed only with a tip bias of уϩ2.1 V in the occupied state images are the molecular oxygen species. This molecular species adsorbs preferentially at a corner adatom site, which has an oxygen atom adsorbed into its backbond, of the faulted half.
II. EXPERIMENTAL DETAILS
The measurements were performed in an ultrahighvacuum ͑UHV͒ chamber, using a homemade roomtemperature STM. 22 A connected preparation UHV chamber that is equipped with a low-energy electron diffraction ͑LEED͒ system, an Auger-electron spectrometer ͑AES͒, and a quadrupole mass spectrometer ͑QMS͒ was used to prepare the clean Si surface. The base pressures were below 5 ϫ10 Ϫ11 Torr in both chambers. The Si͑111͒ sample, cut from an Sb-doped (n-type͒ Si wafer, was preoxidized chemically before it was inserted into the vacuum system. To obtain the clean reconstructed Si(111)-(7ϫ7) surface, the sample was resistively heated to 1420 K in the UHV chamber. The quality of the surface structure was checked by the observation of a clear (7ϫ7) LEED pattern and the cleanliness was verified by AES before transferring the sample into the STM chamber under UHV conditions. After that, we first confirmed the quality and the cleanliness of the Si(111)-(7 ϫ7) surface using STM before the O 2 exposure. No additional H 2 O, CO, or CO 2 was detected by the QMS during the O 2 exposure. All STM images were obtained in the constantcurrent mode at room temperature.
III. RESULTS AND DISCUSSION
In this STM study, we observed the occupied state images of the sample with a positive tip bias for the following three reasons. First, to discuss the electronic states of the sites observed in the STM images, we have to compare our biasdependent results with the occupied states observed in UPS. [3] [4] [5] [6] [7] 12, 13 Second, since the use of a negatively biased tip results in the injection of electrons into the antibonding g and/or 3* orbitals of the metastable molecular oxygen, there is a possibility to dissociate the molecules, which would make it harder to observe the metastable molecules. Finally, it is easier to obtain information on the reactivity of the faulted and unfaulted halves of the dimer-adatom stacking-fault ͑DAS͒ structure 23 by measuring the occupied electronic states rather than the unoccupied ones.
24 Figure 1 shows the occupied state STM image of a clean Si(111)-(7 ϫ7) surface obtained with a tip bias of ϩ2.1 V. The (7 ϫ7) unit cell is indicated in the upper right corner of the figure, and the 12 adatoms are clearly observed in the unit cell. In addition, we are able to recognize the faulted and unfaulted halves of the DAS structure 23 by the different brightness of the two halves. The faulted half is indicated by F and the unfaulted one by UF in the unit cell indicated in the figure. Moreover, we observe a dark site indicated by an arrow in Fig. 1 . This dark site is either a missing adatom site formed during the cleaning process of the sample or created by the adsorption of some foreign species on top of the adatom. The observation that less than 0.4% of the adatom sites are dark verifies the high quality and cleanliness of the Si (111)- (7ϫ7) surface. An occupied state image of the O 2 -exposed Si(111)-(7 ϫ7) surface obtained with a tip bias of ϩ2.1 V is shown in Fig. 2 . The amount of O 2 exposure is 0.1 L (1 L ϭ10 Ϫ6 Torr s). Comparing Figs. 1 and 2, the bright sites observed in Fig. 2 are assigned to originate from the oxygen adsorption. On the other hand, only a few of the dark sites should be due to the oxygen exposure since the concentration, approximately 0.5% of the adatom sites, is almost the same as that on a clean surface. Taking into account the number of adatom sites in the area of the occupied state STM image, the number of the bright sites observed in Fig. 2 indicates that approximately 5% of the adatoms are affected by the 0.1-L O 2 exposure.
In most of the previous STM studies that observed the unoccupied states, [13] [14] [15] [16] [17] [18] not only bright sites, but also a large number of dark sites were observed upon oxygen adsorption. By combining the results of STS and a tight-binding calculation, 13 the origin of these dark sites was reported to be the adatom whose dangling bond is saturated by an oxygen atom. This conclusion is supported by the recent combined STM and noncontact atomic force microscopy ͑NC-AFM͒ measurement, 18 in which the dark sites observed in STM become bright in the NC-AFM image, suggesting the presence of adsorbates on top of the adatoms at those sites. In contrast to the previous STM studies, [13] [14] [15] [16] [17] [18] only a few dark sites, which originate from the oxygen adsorption, are observed in Fig. 2 . The percentage of the dark sites was the same as that in Fig. 2 when imaging the surface using the unoccupied states with a tip bias of Ϫ2.1 V. Thus, the dif- ference between the previous and the present STM studies concerning the rather few dark sites in Fig. 2 is not due to the bias dependence of the contrast. The only reason that can explain the difference is that only a few dangling bonds are saturated by an oxygen atom in Fig. 2 . Therefore, the small number of dark sites in Fig. 2 indicates the quite low adsorption probability of an oxygen atom to an on top site of an adatom at the initial stage of oxygen adsorption.
In order to consider the origin of the bright sites in Fig. 2  carefully, we have studied the 0.1-L O 2 -exposed Si(111)-(7ϫ7) surface with different bias voltages. Figure 3 shows area A in Fig. 2 , obtained with tip biases of ϩ2.1, ϩ1.5,ϩ0.8, and ϩ0.5 V. The tunneling currents were 0.15 nA for a tip biased at ϩ2.1 and ϩ1.5 V, 0.1 nA at ϩ0.8 V, and 0.05 nA at ϩ0.5 V. Two bright sites, labeled A1 and A2, are observed in the occupied state image obtained with a tip bias of ϩ2.1 V. The A1 site disappears at a tip bias voltage lower than ϩ1.5 V, and the A2 site is observed in all images. The observation of the A2 site with a tip bias of ϩ0.5 V suggests the existence of a local density of states at the corresponding binding energy for this site.
In the previous studies, 12,13 the dangling bond state of the adatom modified by an oxygen atom adsorbed into the backbond is reported to have a binding energy between 0.5 and 0.8 eV. Therefore, we propose that the origin of the A2 site is an adatom whose dangling bond state is shifted to a higher energy due to an oxygen atom inserted into its backbond. Considering the number of bright sites that are still observed at a tip bias of ϩ0.5 V in the area shown in Fig. 2 , we obtain the preference ratio of 2.6 for the faulted half of the unit cells compared to the unfaulted one and a preference ratio of 1.2 for corner adatoms compared to the center adatoms. These preference ratios are in good agreement with the ratios of bright sites reported previously for the unoccupied electronic states, 13 whose origin is attributed to the modified dangling bond state. The agreement in preference ratios also supports the conclusion that the atomic oxygen is mostly adsorbed into the backbond of adatoms in Fig. 2 . Taking into account that the number of bright sites is larger in the faulted half, the present results indicate the preferred adsorption site of atomic oxygen to be the backbond of an adatom of the faulted half at the initial stage of adsorption.
The disappearance of A1 at ϩ1.5 V cannot be explained by a tip effect, like the movement of surface atoms, since it was bright using a tip bias of ϩ2.1 V after the occupied state images of Fig. 3 were recorded. Thus, the bias dependence of A1 results from the electronic structure of this specific site. That is, the A1 site has a high local density of states only at binding energies of у2.1 eV. In the previous UPS study, 12 a metastable oxygen molecule adsorbed on top of an adatom, stabilized by an oxygen atom coadsorbed into the backbond, is reported to have the g orbital at a binding energy of 2.1 eV. As mentioned above, the adsorption of an oxygen atom into the backbond of an adatom should not show a bias-dependent brightness variation like the A1 site. For the oxygen atom adsorbed on top of an adatom, the Si-O bonding state has a binding energy of approximately 6 eV, and there is no density of states at a binding energy lower than that of the bonding state. 3, 12, 13 The only configuration that is able to explain the bias dependence of the contrast of the A1 site is the metastable molecular species. Further, no site whose brightness shows the same bias dependence as that of the A1 site was observed after annealing the sample at 600 K, i.e., a temperature at which the molecular oxygen is reported to disappear. 2, 3, 11, 12 Hence, we conclude that the bright sites observed only with a tip bias of у2.1 eV are metastable molecular oxygen adsorbed on the Si(111)- (7 ϫ7) surface. Considering the total number of bright sites observed with a tip bias of ϩ2.1 V and the number of bright sites that disappear at a bias of рϩ1.5 V, approximately 5% of the bright sites originate from the molecular oxygen. Moreover, the observation of 70% of the molecular oxygen at the corner adatom site of the faulted half indicates this site to be the preferred adsorption site of the metastable molecular species.
In the previous STM studies, although both Dujardin et al. 19 and Martel et al. 21 have observed the unoccupied state images using the same sample bias (ϩ2.0 V) at room temperature, the assignments done for the molecular oxygen are completely different. Dujardin biased at ϩ2.0 V and turn bright after scanning the surface with a sample biased at ϩ7.0 V, as the molecular species. The percentages of the molecular species in the total number of adatoms affected by the O 2 exposure are also different in these two studies; i.e., the percentage is more than 95% at a low exposure in the study of Dujardin et al. and approximately 7% in the study of Martel et al. To discuss the inconsistency between these two studies, we compare them with the present study. The percentage obtained by Dujardin et al. is completely different from that in the present study (5%), whereas the percentage obtained by Martel et al. is similar. The difference in percentage indicates that the origin of the bright sites, which are observed by Dujardin et al. in their unoccupied state image, should not be the molecular species. This agrees well with the NEXAFS study 2 and the theoretical calculation, 25 in which the molecular oxygen is stated to have no density of states at binding energy corresponding to the sample bias used by Dujardin et al., i.e., 2 eV above the Fermi level. The similarity in percentage in the present study and the study of Martel et al. indicates that the same molecular species is observed in these two studies. In fact, Martel et al. suggested that the 7% of adatoms affected by the O 2 exposure correspond to the adsorption of a molecular oxygen on top of an adatom, which has an oxygen atom adsorbed into its backbond. However, not only the adsorption on top of an adatom but also another adsorption site was reported for the molecular species in the study of Martel et al., i.e., the on top site of a rest atom. The adsorption of the molecular oxygen at the on top site of a rest atom is proposed by the observation of two dark neighboring adatom sites in the unoccupied state image, which result from an increase in the local tunneling barrier due to the oscillation of the molecular oxygen between the two adatoms. An increase in the local tunneling barrier should also affect the occupied state image, but no dark neighboring adatom sites were observed in the present study. In order to consider the adsorption of the molecular species on a rest atom more carefully, we have analyzed the bias-dependent occupied state STM images. The bias-dependent occupied state STM images show not only information on the electronic structure of the adatoms but also on the electronic structure of the rest atoms 26 ; e.g., the dangling bond states of the rest atoms are faintly observed in Fig. 3 with a tip bias of ϩ0.8 V and clearly observed with tip biases of ϩ1.5 and ϩ2.1 V at the center of three adatoms. In the case that a molecular oxygen adsorbs on top of a rest atom, this rest atom site should be bright using a bias that corresponds to the binding energy of the molecular orbitals and dark with a lower bias. In this study, no rest atom site shows such bias dependence. Taking into account this result and the previous spectroscopic studies, 2, 12 which also reported the presence of only one adsorption site for the molecular oxygen, we conclude that any molecular species adsorbed on a rest atom should have a quite short lifetime and/or a very low adsorption probability.
Finally, since the molecular oxygen observed in the present study and the recent spectroscopic studies 2, 12 and one of the molecular species observed by Martel et al. 21 interact with the adatom dangling bonds modified by the adsorption of an oxygen atom into the backbond, we discuss those dangling bond states, i.e., the bright sites that are still observed with a tip bias of р1.5 eV like the A2 sites in Fig. 3 . The bias-dependent occupied state STM images of the area B in Fig. 2 are shown in Fig. 4 . Five bright sites are observed in Fig. 4 . Comparing the bias-dependent brightness of these sites, we recognize that all five sites are brighter than the unreacted adatoms with a tip bias of уϩ0.8 V. The observation with a tip biased at ϩ0.8 V indicates that the origins of all five bright sites are the dangling bond states of adatoms with oxygen atoms inserted into their backbonds. Among the five bright sites, the two sites labeled A2D, which are located at the corner adatom site of the faulted half, become darker than those labeled A2B in the occupied state image obtained with a tip biased at ϩ0.5 V. These A2D sites are also darker than the unreacted corner adatoms of the faulted half. A dark site observed in an STM image indicates a lower height of the atom and/or a lower density of states at the corresponding bias voltage. Taking into account that the height of an adatom with an oxygen atom adsorbed into its backbond is higher than an unreacted adatom, 25 the different brightness observed in Fig. 4 suggests a smaller density of states of the modified dangling bonds of A2D sites than those of A2B FIG. 4 . Bias-dependent occupied state STM images of the area B displayed in Fig. 2 . The tip bias voltages are ϩ2.1,ϩ1.5,ϩ0.8, and ϩ0.5 V, and the corresponding tunneling currents are 0.15, 0.15, 0.1, and 0.05 nA, respectively. Among the five bright sites observed with a tip bias of ϩ2.1 V, those that become darker than the unreacted adatoms at a bias of ϩ0.5 V are labeled A2D, and those whose brightness is the same as the unreacted adatoms at ϩ0.5 V are labeled A2B.
sites and the unreacted adatom ones at a binding energy of 0.5 eV. Approximately 75% of the A2D sites are observed at the corner adatom site of the faulted half, and 70% of the molecular oxygen are observed at the corner adatom site of the faulted half. This agreement in percentage suggests the strong relation between the A2D sites and the adsorption site of the metastable molecular species. Moreover, since the modified dangling bond hybridizes with the antibonding g orbital of an oxygen molecule, 2,12 a larger charge transfer from an adatom, originating from the larger density of states, would make the dissociation of the molecule easier. Therefore, we propose that the metastable molecular oxygen preferably adsorbs on the corner adatom site of the faulted half that has an oxygen atom adsorbed into the backbond due to its lower density of states, though we do not obtain the exact density of states of the modified dangling bonds at the A2D and A2B sites.
IV. CONCLUSION
We have investigated the initial stage of oxygen adsorption on a Si(111)-(7ϫ7) surface at room temperature using STM. The adatom sites affected by oxygen become brighter than the unreacted ones in the occupied state STM image obtained with a tip bias of ϩ2.1 V. The higher number of bright sites observed in the faulted half indicates that this half is more reactive than the unfaulted half at the initial stage of oxidation. Among the bright sites, there are differences in the bias dependence of the brightness. Taking the previous UPS results into account, 12 we conclude that the bright sites observed only with a tip bias of уϩ2.1 V correspond to the molecular oxygen species. The preferred adsorption site of this metastable molecular oxygen is a corner adatom of the faulted half that has an oxygen atom adsorbed into its backbond.
